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Abstract 


The  influence  of  initial  temperature  (To  -  195  °K 
aid  To  =  295  °K)  on  Hie  limitu  of  detonability  of 
gaseous  detonations  is  investigated  for  mixtures  of 
CH^  -  0^,  -  Og,  and  II^  -  air  at  one  atmosphere 

initial  pressure  in  long  tubes  of  4,  6,  10,  16  and 
26  ram  inner  diameter,  respectively,  by  use  of  a 
rotating  drum  camera,.  Two  experimental  designs  are 
described  to  measure  these  limits  at  low  initial 
temperatures .  The  regime  of  fuel  gas  concentrations 
for  stable  detonatioziG  becomes  somewhat  narrower 
at  lower  initial  temperatures.  The  influence  of  the 
initial  temperature  on  tne  critical  tube  diameter  ia 
estimated  Furthermore  the  applicability  of  the 
Chapman- Jouguet  theory  is  discussed  in  relation  to 
shock  wave  configurations,  i.e,  the  ?.5ach  triple  con¬ 
figuration,  The  essential  arguments  for  the  existence 
of  the  limits  of  detonability  are  discussed.  Finally 
a  new  method  to  estimate  the  limits  of  detonability 
with  a  very  simple  experimental  arrangement  is 


dee- 


cribed.  By  this  method  experiments  concerning 
the  stability  of  a  detonation  and  its  initiation 


process  aro  linked  together.. 
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I,  INTRODUCTION 


«»  ^  <=> 


Shortly  after  the  discovery  of  gaseous  detonations 
by  Be»thelot  and  Vieile  and  by  Mallard  and  Le  Chateii 
Chapman  and  Jouguet  gave  a  theoretical  description 
of  a  one-dimensional  detonation,  Their  theoretical 
mcdel  was  very  successful  as  far  as  t;.e  prediction 
of  detonation  velocities  is  concerned,,  The  under¬ 
standing  of  the  stability  of  a  detonation  is  not  so 
well  developed.. 

The  stability  of  detonations  is  of  interest  in  two 

respects , 

1)  Limits  of  detonability  are  the  stability  limits 
of  selfsustained  detonations-.  They  are  of  great 
importance  concerning  the  problems  of  safety, 

2)  The  understanding  of  the  stability  of  detonations 
ie  essential  for  the  elucidation  of  the  propagntl 
mechanism  of  the  detonation  itself. 


II,  THE  ONE-DIMENSIONAL  MODEL 


DEI  ON ATI 


In  the  classical  model  a  detonation  ic  described  as 
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a  shock  wave  behind  which  a  rapid  chemical  reaction 
occurs  after  an  induction  time,.  Pressure,  density,  and 
temperature  of  the  fresh  gee  are  increased 
suddenly  by  the  shock  wave.  During  the  induction 
time  these  values  remain  constant.  But  after  the 
spontaneous  onset  of  the  exothermic  chemioal  reaction 
the  J emperature  increases,  why  the  pressure  and  the 
density  decrease  to  lower  values.  In  thiB  model  a 
stable  detonation  can  be  described  by  the  laws 
of  conservation  of  mass,  momentum,  and  energy.  The 
Chapman-Jouguet  law  states,  that  for  a  stable  detonation 
the  Bayleigh-line  has  to  touch  the  Hugoniot-curve 
for  the  final  products 0  Prom  this,  it  can  be  deduced  that 
the  velocity  of  a  detonation  is  a  minimum  velocity.  The 
basic  assumption  of  thiB  one-dimensional  model  is 
that  a  thermodynamic  equilibrium  exists  both  in  front 
of  and  behind  the  reaction  zone„  However,  the  effects 
of  transport  phenomena,  the  influence  of  the  tube 
diameter,  the  length  of  the  reaction  zone  and  the  details 


of  the  chemical  reaction  were  not  considered.  Detonation 
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velocities  calculated  by  this  model  correlate  with 
those  obtained  experimentally „  However  there  exists 
sometimes  a  distinct  discrepancy  between  calculated 
and  measured  values  for  the  density  and  pressures 

III.  A  DETONATION  AO  A  THHEK  DIMENSIONAL  PHENOMENON 
Many  experiments,  using  a  variety  of  experimental 
techniques,  have  been  performed  to  obtain  a  more  re¬ 
alistic  model  of  a  detonation.  Two  ways  are  normally 
used  for  the  experimental  investigation  of  a  detonation: 
the  first  is  concerned  with  the  macroscopic  behaviour 
of  a  detonation  and  the  second  with  the  microscopic 
phenomena.  The  "microscopic"  point  of  view  is  con¬ 
cerned  mainly  with  the  interaction  of  shock  waves. 

Deep  insight  into  the  interaction  of  shock  waves  was 
obtained  by  the  method  of  soot  traces  and  instantaneous 
Schlieren  photographs,  especially  by  using  Laser 
techniques  [2i  .  Despite  the  great  number  of  experiments 
and  thorough  theoretical  calculations  one  is  not  yet 
able  to  give  a  theory  describing  a  detonation  as  a  whole 
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Especially  tl  lo  problems  concerning  the  initiation 
of  a  detonation  and  the  limits  of  detonability 
have  not  yet  been  solved.  It  is  obvious,  however, 
that  a  detonation  is  a  three  dimensional  process 
with  a  very  com  lex  microscopic  structure.  The  front 
of  a  stable  detonation  is  uneven  and  determined  by 
shock  wave  interactions,  i.e.  as  the  Mach  triple  con¬ 
figuration,  1 eriodic  movements  of  shock  waves  at  the 
front  of  the  detonation  are  coupled  with  transverse 
oscillations  in  the  burnt  gas  as  observed  by  the 
macroscopic  phenomenon  of  spin.  Transverse  oscillations 
in  the  reaction  zone  seem  to  be  responsible  for  the 
transport  of  energy  to  the  detonation  front,  and  a 
detonation  is  stable  as  long  as  these  transverse 
oscillations  are  compatible  with  the  boundary  conditions. 

IV.,  THE  LIMITS  01  DETONABIIJl'Y 

In  a  plot  of  detonation  velocity  versus  fuel  gas 
concentr?  tion  the  limits  of  detonability  are  characterized 
by  a  jump  in  the  detonation  velocity.  These  limits 
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give  the  region  of  the  gas  mixture  in  which  a 
a t&ble  detonation  is  possible.  At  the  limits  of 
detonabi  3  i  tj  one  always  observes  the  low  eat  }>o  rible 
frequency  of  spin  which  can  be  calculated  by  a 
simple  formula  derived  by  Manscn  and  lay  f 3J 


v 


1  .04  a 

~mr 


(circular  tube  cross  section) 


Until  now  the  influence  of  the  tube  diameter,  the 
addition  of  inert,  gases  to  the  explosive  gas  mixture, 
the  initial  pressure  and  temperature  on  the  limits  of 
detonability  have  been  investigated  £8.7  .. 

The  principal  results  shall  be  summarized:  the  fuel 
gas  concentration  at  the  limits  is  a  linear  function 
of  the  rev  procal  tube  diameter  for  a  wid  ■  range  of 
tube  diameters,  The  slope  of  this  straight  line  is  a 
measure  of  the  influence  of  the  tube  diameter  on  the 
limits  of  dr rona hi  1 i ty  The  detonation  velocity 
measured  near  the  limits  is  in  poc-d  agreement  with 
the  values  calculated  from  the  Cr apmen-Jouguet  theory 
The  addition  of  inert  gases  can  lead  to  a  detonation 
rcg.rac  which  Is  either  smaller  or  .larger  than  without 
an  : nor l  gat  ,  This  is  mainly  given  by  the  ratio  of 


G  • 


the  vi  .ific  heatc  behind  the  shock  front  and  by 
the  dilution  of  the  reactive  components  of  the 
gas  mixture-  A  decrease  in  the  initial  pressure 
loads  to  a  smaller  detonation  regime.,  As  there 
exists  a  critical  diameter  for  the  propagation 
of  a  stable  detonation,  there  aleo  exists  a  critical 
pressure „  ?his  is  the  lowest  pressure  for  which  a 
stable  detonation  is  possible,, 

V  THE  INFLUENCE  OF  INITIAL  TEMPERATURE  ON  THE  LIMITS 
OF  DETONABI LITY 

Until  now  little  is  known  about  the  influence  of 
initial  temperature  on  the  limits  of  detonability , 
but  the  influence  of  initial  temperature  on  the 
detonation  velocity  has  been  investigated  several 
timeB  T4]  Dixon  measured  the  detonation  velocities 
for  mixtures  of  4  202  and  ^2N2  +  a*  initial 

temperatures  of  10  and  100  °C  and  at  1  atm,  initial 
pressure,  Laffitte  investigated  the  detonation  velocities 
of  211^  +  0,,  (450  -  475  °C  initial  temperature)  and 
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CII^  +  2(>2  (525  -  530  °C  initial  temperature)  at 
normal  pressure,.  Ragland,  Cosens,  and  Cullen  deter¬ 
mined  detonation  velocities  of  stoichiometric  hydrogen- 
oxygen  mixtures  for  low  initial  temperatures  down 
to  the  vicinity  of  the  oxygen  vapour  saturation  point  at 
initial  pressures  from  1  to  15  atm..  Gordon  and  Zeleznik 
calculated  detonation  parameters  of  hydrogen-oxygen 
detonations  from  0„01  to  100  atm  initial  pressure  and 
from  200  to  500  °K  initial  temperature.  Another 
investigation  about  the  influence  of  initial  temperature 
on  detonations  in  hydrogen-oxygen  has  been  published 
by  Ladermann, 

Summarizing  all  these  investigations  one  can  ray: 
at  constant  initial  temperature  the  detonation 
velocity  increases  with  increasing  initial  pressure, 
and  at  constant  initial  pressure  the  detonation  ve¬ 
locity  decreases  with  increasing  initial  temperature,. 

The  variation  in  the  detonation  velocities  is  about 
1  to  2  when  the  initial  temperature  is  varied  by 
100  °i .  It  should  be  mentioned  that  this  result  is  in 
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accordance  with  the  Chapman-J ouguet- theory „ 

The  main  subject  of  this  report  is  the  influence 
of  initial  temperature  on  the  limits  of  detonability a 
What  can  be  expected  from  the  Chapman-J ouguet  theory  ? 

If  Q  ie  th  heat  of  reaction  per  unit  mass,  x  the 
ratio  of  the  specific  heats,  D  the  detonation  velocity, 
a  the  velocity  of  sound,  and  index  o  refers  to  the  fresh 
gas,  then  the  following  relation  holds  approximately: 


D2  2  { X  2  -  1 )  Q 


To*  o 

U0  4  ^c2 


In  a  first  approxima  ion  the  initial  temperature  TQ 

2 

has  no  influence  up<  n  B.,  aQ  is  proportional  to  TQ 
and  therefore  the  temperature  at  the  CJ-plane,  TCJ, 
is  approximately  independent  of  From  this  it  can 
be  expected  that  a  stable  detonation  should  not  be  greatly 
influenced  by  the  initial  temperature,.  But  at  the  limits 
of  detonability  the  Chapir. an- J ouguet  theory  is  not  valid 
and  here  a  creator  influe  ice  of  the  initial  temperature 


can  be  expected 


,  1 
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VI  THE  EXPERIMENTAL  DESIGN 

The  influence  o*"  initial  temperature  on  the  limits 
of  detonability  vise  investigated  at  1  atm.  initial 
pressure  and  for  initial  temperatures  of  Tc  =  295  °K 
(room  temperature),  TQ  *  195  °K  and  TQ  =  135  °K„ 

The  experiments  were  carried  out  for  the  following  gaseous 
mixtures:  hydrogen  -  oxygen,  hydrogen  -  air,  and  methane  - 
oxygen.  For  comparison  w.i  th  these  initial  temperatures, 
the  boiling  points  of  the  components  of  the  gaseous 
mixtures  are  given  here: 

Methane  111.7  °K 
Oxygen  90.2  °K 
Hydrogen  20.7  °K 
Nitrogen  77.4  °K 

VI  1)  THE  IHOTOGRAIHIC  TECHNIQUE 

The  combustion  processes  in  the  tubes  were  recorded 
by  a  rotating  drum  camera  which  is  described  in 


detail  in  f5J  .  With  the  film  moving  perpendicular 


direction  cf  move 


Illustration  of  the  formation  of 
a  space  -  time  ( x  - 1 )  diagram 
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to  the  image  of  detonation  front  one  obtains 
a  epace-time-diagram  of  the  luminous  zones  of  the 
combustion  process.  This  luminous  detonation  front 
gives  an  inclined  path  on  the  film,  and  the  slope 
of  this  path  is  dependent  on  the  relative  velocity 
of  the  film  and  the  image  of  the  luminous  front.  This 
is  demonstrated  schematically  for  a  stable  detonation 
in  Fig,  1,  The  detonation  velocity  can  be  calculated 
from  the  slope  of  the  path,  the  ratio  of  the  original 
tube  length  to  its  image  on  the  film,  and  the  frequency 
of  the  rotating  drum  camera.  This  photographic  in¬ 
vestigation  of  the  stability  of  a  detonation  haB 
eome  advantage  to  the  registration  of  the  detonation 
velocity  by  an  electric  device.  On  the  film  not  only 
the  variation  of  the  detonation  velocity  at  the  limit 
of  detonability  but  also  the  structure  of  the  com¬ 
bustion  process  ie  recorded.  Studying  the  structure 
and  the  velocity  of  the  detonation  front  one  obtains  a 
very  critical  proof  of  stability.  From  this  point  of 
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view  a  detonation  ie  a  stable  detonation  if  the 

luminous  path  on  the  film  is  line  and  if  its 

structure  is  regular  (Picture  1).  It  is  also  under  tandable 

that  therv  might  be  a  slight  difference  in  the 

resultB  from  this  method  to  measurements  made  by  the 

registration  of  the  electrical  signals  of  probes. 

VI  2)  THE  DETERMINATION  OF  THE  FUEL  GAS  CONCENTRATION 
To  avoid  explosions  hazards  the  explosive  gas 
mixtures  were  not  stored  in  tanks.  The  flowing  gases 
were  premixed  roughly  by  means  of  flowmeters  and  the 
fuel-gas  concentration  vas  determined  finally  by  a 
Zeiss  Haber-Loewe-Gasinterferometer ,  which  was 
thermostated  at  24  °C .  This  interferometer  was  cali¬ 
brated  for  each  measurement  with  oxygen  as  reference 
gas.  By  tlis  method  the  fuel  gas  concentration  could 
easily  be  determined  to  an  accuracy  of  £  0.5 
Commercial  gases  were  used  which  were  dried  with  a 


mixture  of  dry  ice  and  methyl  alcohol 
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VI  3)  THE  POOLING  OP  THE  GASES 
To  cool  down  the  explosive  gas  mixture  it  was 
necessary  to  use  inflammable  refrigerants.  In 
the  first  step  of  the  research  the  limits  of 
detonability  of  methane-oxygen  mixtures  were  investigated 
at  Tq  =  295  °K  and  195  °K,  This  system  is  much  easier 
to  investigate  than  the  other  ones  because  of  the 
higher  luminosity  of  the  detonation  front.  On  the 
other  hand  the  detonation  pressures  are  expected  to 
be  higher  than  for  II 2  -  02  mixtures.  It  was  decided 
to  use  two  experimental  designs  for  cooling  down  the 
gases.  The  first  experimental  arrangement  was  a 
relative  simple  one  and  was  used  for  TQ  =  195  °K« 

It  was  a  10  m  long  isolated  container  of  aluminium 
in  which  the  detonation  tubes  were  cooled  down  with 
dry  ice.  For  the  heat  insulation  of  the  experiments 
at  Tq  =  135  °K,  a  7  m  long  cylindrical  Dewar  vessel 
was  constructed  and  liquid  nitrogen  was  used  as  a 
refrigerant.  The  Dewar  was  found  to  be  more  efficient 
at  the  lowest  temperature  because  of  its  better  in¬ 
sulating  rropertien  than  that  of  the  commercially 
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available  materials  *  The  thickness  of  the  inner 
Dewar  wall  -./as  as  thin  as  possible  to  avoid  too 
high  a  consumption  of  liquid  nitrogen*  This  arrange¬ 
ment  was  found  to  be  most  satisfactory  at  lowest 
temperatures*  For  the  experiments  at  Tq  -  195  °K  the 
detonation  tubes  were  constructed  cut  of  metal  to 
which  plexiglass  tubes  were  connected 0 

Because  at  ihe  lower  initial  temperature  (Tq  =  135  °K)  the 
connections  between  the  metal  tubes  and  the  plexiglass  tub 
became  loose,  it  was  decided  therefore  to  use  plexi¬ 
glass  -  XT  throughout o  No  influence  of  the  material 
of  the  tubes  on  the  limits  of  d etonability  could  he 
detected  at  room  temperature* 

VI  4)  THE  INITIATION  OF  THIS  DETONATION 

The  problem  of  cooling  down  the  tubes  gives  an  upper 

limit  for  the  tube  length*  It  was  therefore  decided 

to  Initiate  the  detonation  in  the  test  mixture  using 

a  stoichiometric  mixture  of  the  same  components*  However,, 

the  tubes  must  have  a  minimum  length  due  to  the  existence 
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Fig.  2  Sketch  of  the  Apparatus  for  T„  =  195  °K 


of  overdriven  detonations  in  the  first  part 
of  the  tubes c  For  the  H0  -  0^  and  CH^  --  Og  systems 
tubes  of  "  m  length  and  n.r>  inner  diameter  less  than 
30  mm  we re  found  to  be  adequate,  The  general  scheme 
of  the  experimental  arrangement  is  illustrated  in 
Pig,  2.  In  order  to  reduce  the  length  of  the  ignition 
section  a  coil  of  wire  was  inserted  [6j  ,  This  section 
was  separated  from  the  starting  chamber  by  a  dia¬ 
phragm  of  cellophane  or  aluminium.,  In  our  case  the 
krnd  of  diaphragm  did  not  influence  the  measurements- 

VI  5')  THE  EXPERIMENTAL  DESIGN  FOR  T  «  193  °K  API  IILO 
DESCRIPTION  OF  r.TEASUREIlSKT 
A  sketch  of  the  apparatus  js  given  in  Fig,  2,-  2a ch 
experiment  was  performed  wrth  three  tubes  of  aluminium 
of  4,  •3,  0,  or  10,  16,  26  mm  inner  diameter  and 

1  mm  wall  thickness,  These  tubes  were  situated  one 
above  the  other  with  a  distance  of  1  cm  between  them  Tc 
the  length  of  the  tubes  of  about  10  m„  several  tubes 


of  iiiuTirriUi  had  to  be  joined  with  stuffing  boxes 
and  o-i-nge  The  connection  be  Aten  the  plexiglass  tube  cm 
the  jset? \  the  vjae  made  in  a  same  manner  (Fig  y) ..  It  was 
taken  care  of  the  connections  between  two  tubes  to  be  amcc': 

At  the  beginning  of  each  experiment  the  tubes  were  per 
into  the  isolated  container  of  aluminium  with  a  cross 
section  o:C  VO  x  80  ram  and  10  m  length  and  the  observation 
window  at  o.:.c-  end,  which  was  normally  closed  by  the 
isolating  ma  terial  (l^orit)  . 

After  the  r ; xrigerant  of  crushed  try  ice  was  packed  around 
the  detonation  tubes,  the  container  was  closed  by  plates 
of  the  its  cl.-,  ting  material.  In  this  v.ay  the  low  tornpere.tu.re 
inside  could  be  maintained  without  significant  losses  Th 
temperature*  along  the  tubes  were  measured  with  thermo¬ 
couples  and  monitored  by  a  1 2~  point-recorder  .After  the  tuba 
wen  cooled  down  to  .the  tempera  cure  of  dry  ice, the  premise?  6 
drie  d  ganoe  streamed  through  vim  -raellest  tube  into  the 
initiation  r action.  from  here  the  gases  flowe  d  through  sh -■ 
two  other  tt: bes  into  a  thermestated  copper  capillary  .vt 
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leu  directly  into  the  gas  inter! eroraeter .  From  the 
interferometer  the  gas  passed  through  a  long  PVC  tube 
into  the  open  air.  The  gae  flow  through  the  inter- 

•7 

f eroraeter  was  about  100  If  the  reading  re¬ 

mained  constant  for  half  an  hour,  the  gas  stream  was 
stopped  and  the  valves  were  closed.  The  composition 
of  the  mixture  was  then  determined  with  the  gas  at 
re  t >  During  the  time  while  the  gae  in  the  tube  was 
been  cooled  down  to  195  °K,  the  initiation  section 
was  filled.  Prior  to  an  experiment  the  isolating 
material  was  taken  out  of  the  window  of  the  container 
and  the  outside  of  the  plexiglass  tubes  was  defrosted 
by  methyl  alcohol  The  gas  mixture  in  the-  initiation 

section  was  ignited  by  a  spark  plug  and  the  detonations 
in  the  tubes  were  recorded  by  the  rotating  drum 
camera , 


After  each  measurement  the  tubes  had  to  be  warmed  up  to 
room  temperature  and  replaced  if  damage  had  been  occured 


TOTAL  VIEW 


Sketch  of  the  Apparatus 
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The  water  inside  was  then  removed  by  pumping »  The  dried 
tubeB  were  then  put  back  into  the  cooling  system  and 
a  new  experiment  could  be  started n 

It  is  interesting  that  at  the  low  temperature  at  the 
limits  of  detonability  dents  were  often  observed  along 
the  first  two  or  three  meters  of  the  aluminium  tubeB 
behind  the  starting  chamber 0  There  is  no  doubt,  that  this 
is  an  indication  for  the  onset  of  detonations, 

VI  6)  THE  EX  PER  1 1.IEN  T  A  L  DESIGN  FOR  TQ  =  133  °K  (Fig.  4.4b) 
For  the  experiments  at  this  temperature  plexiglass  XT 
tubes  of  7  m  length  with  an  inner  diameter  of  6,  10,  16, 
and  26  mm  and  a  wall  thickness  of  about  2  mm  were  used. 

To  avoid  too  high  a  consumption  of  the  refrigerant 
a  6»50  m  long  cylindrical  ."Dewar  vessel  with  a  window 
of  60  cm  length  near  ono  of  its  ends  was  constructed  and 
built  in  our  work  shop.  This  Dewar  was  made  of  brass  with 
an  outer  tube  of  150  x  2,5  mm  and  an  inner  tube  of  93  x 
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1,5  mm*  The  end  plates  of  the  Dewar  vessel  bet¬ 
ween  the  outer  and  the  inner  tube,  and  the  frame 
of  the  window  were  made  of  German  silver „  The 
pressure  in  the  Dewar  vessel  was  kept  at  10~^  Torr 
with  a  rotary  oil  pump  and  an  oil  diffusion  pump,, 

For  a  Dewar  vessel  of  this  length  the  thermal 
dilatation  must  be  compensated  for*  The  inner  part 
of  the  Dewar  vessel  was  at  135  °K  whereas  the  outer 
part  was  at  room  teraperpture  and  both  parts  were  con¬ 
nected  at  the  ends  by  German  silver  with  2  mm  thick¬ 
ness.  For  this  reason  flexible  metal  bellows  (Tombak) 
were  soldered  near  both  ends  into  the  outer  tube 
of  the  Dewar  vessel.  The  window  was  built  in  a  manner 
that  it  could  overcome  the  resulting  mechanical  strains 
Liquid  nitrogen  and  were  used  as  refrigerants 

The  latter  has  a  melting  point  at 
-  155  °C  with  a  comparatively  high  heat  of  fusion* 

Thus  an  average  temperature  of  -  140  -+*  5  °C  along  the 
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straight  tubes  inside  the  Dewar  vessel  was  a- 
chievedo  At  10“^  Torr  in  the  Dewar  vessel  heat 
losses  by  conduction  were  kept  to  a  minimum  and  those 
by  radiation  were  reduced  by  polishing  the  inner 
surfaces  of  the  Dewar  vessel  before  mounting. 

VI  7)  DKSCRI1TI0N  OF  MEASU:  EMENT  AT  155  °K 
.In  one  experiment  we  only  used  two  tubes  lying  side 
by  side,  which  were  filled  with  the  gas  under  in¬ 
vestigation  in  the  manner  described  above.  When  the 
gas  stream  was  stopped,  both  the  valves  were  closed 
and  the  open  ends  of  the  plexiglass  tubes  were  closed, 
too.  The  tubes  were  then  inserted  into  the  Dewar 
vessel  whici.  was  already  at  the  low  temperature.  The 
ends  of  the  Dewar  vessel  were  closed  by  placing  rubber 
plates  over  them.  These  plates  contained  holes  to 
enable  the  detonation  tubes  to  pass  through  them 
(see  Fig,  4).  For  oooling  down  of  the  tubes,  a 
sufficient  quantity  of  the  refrigerant  was  then  filled 
into  the  Dewar  vessel.  The  pressure  inside  the  closed 
detonation  tubes  was  reduced  at  the  lo'.  er  temperatures. 
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In  order  to  overcome  this  decrease  of  pressure, 
a  flexible  tube  of  I'VC  with  a  volume  of  approxi¬ 
mately  10  1  (inner  diameter  16  cm)  which  acted 
as  a  gasometer  was  connected  to  the  detonation 
tubes  and  filled  with  the  same  gas  mixture.  Thus 
the  initial  pressure  in  the  system  could  always 
be  maintained  at  1  atm.  by  reducing  the  volume  of 
this  gasometer.  In  contrast  to  the  apparatus  des¬ 
cribed  under  5)  the  two  tubes  for  each  experiment 
were  situated  side  by  side,  A  surface  mirror  lo¬ 
cated  in  front  of  the  observation  window  was  used 
to  deflect  the  light  of  the  detonations  to  the  ro- 
trting  drum  camera 0 

After  the  cooling  down  of  the  tubes  and  the  filling 
of  the  initiation  section  with  the  stoichiometric 
gas  mixture,  the  insulating  material  in  the  obser¬ 
vation  window  was  removed  and  replaced  by  a  plate 
of  plexiglass  to  prevent  heat  convection  and  ice 


forming  on  the  outside  of  the  detonation  tubes.  The 
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detonations  were  then  initiated  and  the  subsequent 
combustion  processes  were  recorded  photographically. 

In  both  cases  5)  and  7),  the  frequency  of  the  rotating 
drum  camera  waB  measured  by  an  oscilloscope ,  using 
liasajoue  figures  with  a  frequency  generator  as  a 
standard „ 

After  each  measurement  the  tubes  were  taken  out  of 
the  Dewar  veseel,  heated  up  to  room  temperature  and  the 
water  inside  was  removed  by  pumping.  It  is  to  be 
mentioned  that,  at  the  limits  of  detonability ,  the 
plexiglass  tubeB  were  generally  destroyed  within  a 
few  meters  after  the  starting  chamber.  This  again  was 
the  point  where  the  detonation  wob  started. 

VI  8)  THE  PHOTOGRAPHIC  MATERIAL 

It  is  known  that  for  the  gas  systems  under  investigation 
the  luminosity  of  the  combustion  processes  near  the 
limits  of  detonability  is  very  weak,  ThiB  is  especially 
true  for  detonations  in  hydrogen  -  oxygen  or  hydrogen  -  air 
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mixtures  \  ierc  in  the  present  investigation 
a  lot  of  1,  'ouble  was  experienced  in  obtaining 
suitable  p  lotographs  at  the  limits  of  dctonabiiity  • 
Therefore  oxtremely  high  speed  panchromatic  films  i» 
e.  Kodak  2V75  Recording  Film  with  DK  50  as  a  de¬ 
veloper  ari  Kodak  High  Speed  Recording  Film 
with  MX  642-1  eg  c  developer  were  used.  The  develop¬ 
ment  wa6  usually  made  at  elevated  temperatures. 

For  detone  i.iono  with  higher  luminosity  Kodak  TRI-X 
Ian  with  1  idak  HC-1 10  developer  was  aeetl ; 

VI  9)  THE  IVALUATlOk  OF  THE  FIT  .MS 
Depending  of  which  experimental  arrangement  was 
used  ei  the  ?  two  or  three  combustion  processes  were 
recorded  (  oee  licture  1)  If  the  detonation  is 
a  stable  ne,  the  path  of  the  luminous  detonation 
front  has  i  very  regular  structure  and  can  be  ap- 
proximatec  by  a  straight  line.,  When  the  composition 
of  the  ga«  )Oue  mixture  approaches  the  value  at  the 
limit  of  c  itonability,  the  image  of  the  detonation 
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Picture  3:  The  onset  of  a  detonation  in  CH 
9,7  7ol  £  CH-,  T  «  295  °K,  p  « 


51 


front  giadtif  -.ly  changes  into  a  sinusoidal  form 
(see  Picture  2).  Beyond  the  limits  of  detona¬ 
bility  one  c oserveo  detonations  dying  off  or 
starting  wit a  an  alternating  velocity  of  pro~ 
pagation.  Finally  only  accelerated  flames  are 
recorded  (Pj  jture  3),  which  are  much  slower  than 
detonations  uid  whioh  do  not  have  such  a  marked 
structure,  u  ttil  nothing  is  to  be  seen  on  the  film. 
Especially  a  ;,  the  limits  of  detonability  of  hydrogen  - 
oxygen  mixtures  a  fairly  wide  range  of  detonative 
combustion  beyond  the  limits  of  detonability  was 
observed.  This  is  a  very  important  fact  for  safety 
purposes.  Generally  speaking  as  long  as  short  sections 
are  consider  ;d  there  is  only  a  gradual  change  from 
the  regime  o’  a  stable  detonation  to  the  regime 
of  flames. 

For  the  aete  mination  of  the  limits  of  detonability 
as  a  function  of  the  tube  di;  meter,  the  fuel  gas 
concentration  was  first  chosen  such,  that  in  at  least 
one  of  the  tvo  or  three  tubes  a  stable  detonation 


could  be  < xpected -  The  limits  of  detonability 
for  one  ti  be  diameter  were  determined  by  averaging 
between  tl  e  two  points  having  similar  values  of 
the  fuel  (as  concentration,  of  which  one  belonged 
to  a  stable  and  the  other  to  an  instable  detonation 


VII  KX1KR1  i.IKNTAh  RESULTS 
VII  1.  DE'j  ONATION  VELOCITY 

The  detonation  velocity  did  not  depend  very  strongly 
on  the  initial  temperature.  This  is  in  good  accordance 
with  measurements  discussed  above,,  With  an  accuracy 
of  measurement  of  about  -  2  #  we  generally  did  not 
find  any  jnfluenoe  of  the  tube  diameter  on  the  deto¬ 
nation  velocity..  Only  here  and  there  .just  at  the  limits 
of  detonability  a  very  slight  dependence  of  the  tube 
diameter  on  the  velocity  of  stable  detonations  was 


found.  In  Fig.  5  and  6  the  Mach  numbers  for  detonations 


Fig  5  Mach  Number  M  =  D /a 
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in  CH^  ■  '  2  and  H 2  -  0^  mixtures  are  plotted 
against  fi  el  gas  concentrations,  with  the  initial 
temperature  as  a  parameter.-  These  Mach  numbers 
determine  the  strength  of  the  front  Bhock  waves „ 

The  Mach  number  is  defined  as  the  ratio  of  the 
detonation  velocity  and  the  velocity  of  sound  in 
the  unburnt  gas 

VII  2,  T1:  EKATUK.i  ?E  IMP  TilK  SHOCK  W.VM 
With  these  measure.!  detonation  velocities  the 
temperature  behind  the  front  shock  wave  was  calculated 
for  Cli^  -  02  (Fig.,  7),  .'ssuraing  that  just  behind  the 
shock  wave  there  in  no  chemical  reaction.  The 
temperature  behind  the  shock  wave  is  nearly  inde¬ 
pendent  of  the  initial  temperature,  This  temperature 
correspond;;  to  the  temper:  iure  at  which  the  chemical 
reaction  in  the  detonation  ,rcns  first  starts,  assuming 
that  the  one-dimensional  treatment  of  a  detonation 


is  valid.  On  the  other  hand  the  pressure  behind  the 


FI g.  7  Temperature  behind  the  Front  Shock  Wave 
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shook  viave  is  very  strongly  Influenced  by  the 
Initial  temperature. 

VII  3  „  THE  i,I HITS  OF  DETONABILITY 
The  limits  of  detonability  are  represented  in 
terms  of  fuol  gas  concentration  as  a  function 
of  the  reciprocal  tube  diameter  with  the  initial 
temperature  es  a  parameter  (Pig.  8,  9,  10).  In  these 
plots  the  upper  and  the  lower  limits  of  detonability 
are  represented  by  straight  lines,  the  slopes  of 
which  are  a  direct  measure  of  the  influence  of  the 
tube  diameter.  For  all  these  Bysteme  under  in¬ 
vestigation  the  concentration  regime  of  stable 
detonations  becomes  narrower  for  the  lower  initial 
temperatures.  Also  the  influence  of  the  tube  diameter 
on  the  limits  of  detonability  is  a  little  more 
pronounced  it  the  loner  initial  temperature.  The 
measured  values  of  the  fuel  gas  concentrations  at 
the  limits  of  detonability  are  tabulated  in  Table 
1.  It  must  oe  pointed  out  that  the  values  for 
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Table  1  The  meacured  limits  of  detonability 
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d  — *  «  or  i/d  — 0  are  extrapolated 

values  and  that  they  have  no  real  physical 
significance.  This  can  be  seen  very  easily 
by  the  lac'  that  detonations  in  tubes  with 
very  large  inner  diameters  must  be  spherical 
detonations  and  these  cannot  be  compared  to 
detonation  in  tubes  of  small  diameters 

For  the  system  methane  -  oxygen  only  the  upper  limit 
of  detonabi]  ity  for  T  -•  13!?  °K  was  measured  for 
tubes  of  1  )  and  C  mm  inner  diameter.  This  was  done 
because  the  impact  of  the  detonations  was  too  high 
so  that  th ?  Dewar  vessel  would  have  been  damaged 
by  more  measurements- 

The  syster  hydrogen  -  air  is  a  very  interesting 
one.  At  room  temperature  the  length  of  the  tubes  (7m) 
was  insufficient  for  d  ®  16  and  20  mm  as  ea» be 
seen  in  tie  plot  For  this  reason  only  the  upper 
limit  of  etonability  was  investigated,  at  T  = 


133  °K 
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for  tube  iiaineteru  of  1  and  ' 0  mm  For  d  -  0  mu 
and  Tq  =  135  °K  the  gas  mixture  did  not  detonate.. 

To  demonstrate  the  influence  of  initial  temperature 
on  a  stable  detonation  some  values  just  behind  the  sho  ,k 
front  have  been  calculated  for  CK^  -  0^  at  the  limits 
of  deto;  ability  {Table  ?), 

VII  4,  Ti  d  CKITICAl.  TUBE  FlA'.f:yfR 

For  tubes  with  an  inner  diameter  less  than,  the  critical 
diameter  a  stable  d  tonation  is  not  possible,  It  io 
very  difficult  to  measure  this  diameter  directly, 
but  from  our  measurements  it  can  be  estimated  from 
Fig,  11,  12,  13,  Thus  the  influence  of  the  initial 
temperature  on  the  criti  ar  tube  diameter  is  ob¬ 
tained,  and  thin  will  provide  new  informations  for 
safety  problems.  The  estimated  critical  tube  diameters 


are  shown  in  Table  ;>■ 
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Table  2:  Calculated  values  behind  the  front  shock  wave  {the  detonation  velocity  is  measured) 
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Table  ?:  !lh.e  extrapolated  critical  tube  diameter 


Tabic 

>  3: 

CH4  - 

■  °2 

To  = 

295 

195 

h2  - 

^2 

To  “ 

295 

135 

H2  “ 

air 

To  - 

295 

m 

xo 

135 

L., 

Iv 


C, 


d  sa  2  mm 
or 


d„  p  5  cm 

or 


df,r  «  2  mm 


dcr  «  3  mm 


d  -  6  mm 
cr 


ox 


«  5  mu 
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VIII  DISCI. SSI Ofl 

The  classical  hydrodynamic  theory  of  a  stable 
detonation  is  able  to  make  good  predictions 
concerning  detonation  velocities,  pressures ,  and 
densities..  The  calculations  for  various  initial 
temperatur as  give  results  which  are  in  good 
agreement  vith  the  experimental  values..  In  the 
case  of  a  stable  detonation  the  phenomenon  of 
multiheadei  spin  occurs  if  the  gas  mixture  is  not 
too  close  uo  the  limits  of  detonability-  In  this 
case  the  model  of  a  one-dimensional  shock  wave,  followed 
by  0  rapid  chemical  reaction,  is  a  good  approximation 
ax.d  it  see  as  reasonable  to  consider  a  Chapman-Jouguet 
plane..  This  theory  does  not  say  anything  about  the 
limits  of  letonability ,  The  existence  of  tnese 
limits  can  be  attributed  to  phenomena  which  are  not 
considered  in  this  classical  theory-,  These  phen  cm  c  ns. 
include  reaction  kinetics,  hydrodynamic  perturbations, 
and  the  coupling  of  transversal  shock  waves  with 
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the  possible  acoustic  oscillations  in  the  burnt 
gases  giv'  -•  by  the  boundary  conditions.  Prom  the  point 
of  view  of  the  reaction  kinetics  one  has  to  consider  the 
heat  release  by  the  exothermic  chemical  reaction  and  the 
time  for  tue  heat  release,  because  this  is  the 
energy  source  for  the  front  shock  wave,.  If  these  waves 
are  to  influence  the  stability  of  a  detonation,  the 
interaction  of  waves  must  be  considered  eetween  the 
shock  wave  at  the  front  and  the  place  where  the  local 
Mach  number  readies  the  value  one.  This  .follows  from 
the  Chapma a-Jouguet  theory.  All  these  phenomena 
cannot  be  considered  separately,  and  this  is  the  cause 
for  the  co iiplex  nature  of  a  detonation  and  the  diffi¬ 
culty  involved  in  explaining  the  existence  of  the  limits 
of  detonability,,  At  the  limits  of  detonability 
one  always  observes  single  headed  spin,  The  detonation 
front  is  given  by  a  shock  wave  configuration  like 
the  Mach  triple  configuration.  Furthermore  there  is 
a  measurabLe  local  separation  of  the  shock  \  ave  at  the 
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front  of  'he  reaction  zone*  The  fact*  that  at 
the  limite  of  detonability  the  ratio  of  the  rave 
length  of  the  acoustic  oscillation  in  the  burnt 
gases  to  the  tube  diameter  always  reaches  a  critical 
value,  indicates  a  coupling  of  the  6hock  waves  at  the 
front  with  these  acoustic  oscillationso 
From  these  facte  one  can  try  to  explain  the  influence 
of  initial  temperature  on  the  limits  of  detonability. 

Why  do  these  limits  become  narrower  for  lower  initial 
temperature  ?  We  have  seen  that  the  temperature  be¬ 
hind  the  shook  wave  at  the  detonation  front  is  almost 
independent  of  initial  temperature,  and  this  temperature 
is  determinative  for  the  chemical  reaction..  From  thin 
point  of  view  the  reaction  could  only  be  influenced 
by  the  higher  pressure  behind  the  shock  wave  at  the 
lower  initial  temperature.  Because  the  reaction  time 
is  proportional  to  p"11  this  might  prove  to  have  a 
slight  influence.  But  then  the  detonation  limits 
would  become  wider  with  lower  initial  temperature  „ 
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There  must  he  a  dominant  effect  into  the  other 
direction.,  'investigations  of  detonation  spin 
with  the  fi Lm  moving  in  the  direction  of  the 
detonation  front  with  the  same  velocity  demonstrated, 
that  also  a  ;  low  temperatures  there  is  a  periodically 
moving  luminous  zone  in  the  detonation  front „  This 
luminous  zona  is  the  zone  of  strong  chemical  reaction. 
This  picture  of  an  oscillating  zone  of  strong  chemical 
reaction  in  the  detonation  front  is  supported  by  the 
reaction  zone  behind  a  triple  Mach  configuration 
as  demonstrated  by  Edwards  a.o.  [7J  0  At  the  limits 
of  detonabi  ity  one  triple  Mach  configuration  goes 
to  and  fro  between  the  walls  of  the  tube,  and  the 
zone  of  the  strongest  chemical  reaction  also  oscillates. 
If  the  reaction  zons  is  near  the  wall  of  the  tube, 
it  might  be  influenced  by  the  cool  boundary  layer, 
and  for  thi.';  reason  the  lower  initial  temperature 
might  lend  o  a  narrower  detonation  regime-  Another 


possibility  as  to  why  the  lowering  of  the  initial 
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temperature  reduces  the  stability  of  a  detonation  in 
the  existence  of  rarefaction  waves  coming  from  the 
cold  wall  into  the  rone  beLween  the  front  shock  waves 
and  the  regime  of  Mach  number  one.,  This  should  be 
possible  at  the  limits  of  detonabilitv  because  of  the 
greater  separation  of  the  front  shock  waves  and  the 
Chapman-Jouguet  plane,,  Furthermore  the  damping  of  the 
acoustic  waves  in  the  burnt  gases  must,  also  be  con¬ 
sidered  , 

Only  the  influence  of  low  initial  temperatures  on  the 
limits  of  detonability  has  been  investigated.  What  will 
ha; pen  if  the  initial  temperature  is  increased  ?  There 
is  one  eriti  al  case.  If  the  initial  temperature 
reaches  the  value  for  the  self-ignition  of  the 
detonative  pao  mixture,  no  detonation  can  be  generated 
anymore u  In  a  similar  manner,,  the  onset  of  a  detonation 
lrom  a  laminar  burning  flame  is  restrained  by  higher 


initial  temperatures.  Thus  the  detonation  regime  might 
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1)0  expected  to  become  narrower  for  higher 
initial  temperatures.  Then  there  ehould  be 
a  range  of  temperature  at  which  the  detonation  regime 
reaches  a  maximum* 

IX  A  i.:k?hod  to  ai  PROXIMATE  THE  LIMITS  OF  J)  it  on  ability 
Foi  a  stable  detonation  the  detonation  velocity 
is  independent  of  the  length  of  the  tube  and  there¬ 
fore  independent  of  the  kind  of  ignition,  provided 
that  the  ignition  was  strong  enough  to  ignite  the 
gases.  Therefore  one  should  expect,  that  the  limits 
of  detonabiiity  in  very  long  tubes  are  independent 
of  the  manner  of  igniting  either  by  an  initial  detonation 
or  by  a  weak  flame.  To  test  thie,  we  took  a  tube  of 
plexiglass  of  about  5  m  length  with  one  end  closed,, 

Near  the  closed  end  the  detonative  gas  mixture  was 
ignited  by  t  pilot  flame  through  a  small  hole  in  the 
wall  of  the  tube,  By  this  weak  ignition  no  shock  waves 
were  produced  at  the  point  of  ignition.  The  induction 
time  and  tin  induction  distance  were  measured  from  the 
point  of  ig; ition  to  the  point  of  the  onset  of  the 
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detonation  which  in  indicated  by  n  high  luminosity 
and  the  oouurence  cf  the  retonation  wave,.  The  ratio 
of  the  initiation  distance  over  the  initiation  time, 
the  Cppcnii  iioi  velocity,  divided  by  the  velocity  of 
sound  of  tie  undisturbed  gas  was  plotted  against  the 
fuel  gas  concentration  (Pig.  14).  The  extrapolation 


of  these  curves  to  Jkb 


0  gives  the 


limits  of  3etcnability ,  measured  in  long  rubes  of 
the  same  di-ameter  with  the  experimental  designs  described 
above.  This  approach  is  a  very  simple  one  to  determine 
the  limits  of  detonability .  It  is  at  least  a  .cry  good 
method  to  estimate  the  limits  of  detonability,  which 
can  otherwise  only  be  measured  with  great  experimental 


expenditure,. 
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